Malignant gliomas (astrocytomas) are lethal tumors that invade the brain. Invasive cell migration is initiated by extension of pseudopodia into interstitial spaces. In this study, U87 glioma cells formed pseudopodia in vitro as cells pushed through 3 lm pores of polycarbonate membranes. Harvesting pseudopodia in a novel two-step method provided material for proteomic analysis. Differences in the protein profiles of pseudopodia and whole cells were found using differential gel electrophoresis (DIGE) and immunoblotting. Proteins from twodimensional (2D) gels with M R 's of 20-100 kDa and pI's of 3.0-10.0 were identified by peptide mass fingerprinting analysis using mass spectrometry. For DIGE, lysates of pseudopodia and whole cells were each labeled with electrophilic forms of fluorescent dyes, Cy3 or Cy5, and analyzed as mixtures. Analysis was repeated with reciprocal labeling. Differences in protein distributions were detected by manual inspection and computer analysis. Topographical digital maps of the scanned gels were used for algorithmic spot matching, normalization of background, quantifying spot differences, and elimination of artifacts. Pseudopodial proteins in Coomassie-stained 2D gels included isoforms of glycolytic enzymes as the largest group, seven of 24 proteins. Peptide mass fingerprint analysis of DIGE gels demonstrated increased isoforms of annexin (Anx) I, AnxII, enolase, pyruvate kinase, and aldolase, and decreased mitochondrial manganese superoxide dismutase and transketolase in pseudopodia. Specific antibodies showed restricted immunoreactivity of the hepatocyte growth factor (HGF) a chain to pseudopodia, indicating localization of its active form. Met (the HGF receptor), actin, and total AnxI were increased in pseudopodial lysates on immunoblots. Increased constituents of the pseudopodial proteome in glioma cells, identified in this study as actin, HGF, Met, and isoforms of AnxI, AnxII, and several glycolytic enzymes, represent therapeutic targets to consider for suppression of tumor invasion.
Tumor cells of diffuse astrocytomas (gliomas) are invasive, regardless of tumor grade. They migrate in response to certain cytokine growth factors, such as hepatocyte growth factor (HGF), also known as scatter factor. [1] [2] [3] [4] Glioma cells preferentially move through interstitial spaces formed in the white matter by axons and glial processes, possibly widened by tumor-induced edema and proteolysis. Once embryonic development of the brain is complete, most normal astrocytic cells maintain stable vascular contacts and do not migrate, with the exception of occasional, limited cell movement during some types of reactive gliosis. Normal astrocytes characteristically have a star shape due to slender cytoplasmic extensions stabilized by attachments with the vasculature and other cells. Some plasticity is retained in their fine, sheet-like perisynaptic processes that respond to neuronal activity. 5 In contrast, tumor cells produce dynamic pseudopodial cell extensions that mediate migration with only transitory vascular and neuronal contacts. Signal transduction, membrane formation and turnover, cytoskeletal remodeling, adhesion, de-adhesion, and energy production occur within the pseudopodial leading edge during invasion. The proteins involved in mediating pseudopodial extension offer potential therapeutic targets to suppress tumor cell invasion.
Proteomic investigations of migrated pseudopodia rely on obtaining sufficient lysate material for study. Obtaining migrated cellular material by scraping it from wafer-thin filters or chemically releasing it from chamber well surfaces in migration assays often results in low yields. To address this issue, we used a novel two-step method to harvest migrated pseudopodia from filters. Pseudopodia were transferred from the filters onto glass slides and were then harvested in urea lysate buffer that crystallized so that all pseudopodial material could be retrieved by scraping.
A motile, human malignant glioma cell line, U87, was studied. Quantities of pseudopodial lysates were sufficient for two-dimensional (2D) gel electrophoresis followed by peptide mass fingerprint (PMF) analysis. Numerous abundant proteins detected with Coomassie blue staining were identified. Some have been previously associated with tumor progression. On differential gel electrophoresis (DIGE) analysis of whole cells and pseudopodia, several of these proteins, or some of their isoforms, demonstrated increased pseudopodial distributions. Immunoreactivity for the a chain of activated HGF was detected only in pseudopodial lysates. The HGF receptor, Met, was present in both whole cells and pseudopodia and was increased in pseudopodia. Differential localization of certain proteins, including an activated signaling network for a motility cytokine in the pseudopodia, supports this methodology for defining the functional pseudopodial proteome.
Materials and methods

Cell Culture
Human U87 MG astrocytoma cells (American Type Culture Collection, Rockville, MD, USA), were maintained in minimal essential media (MEM) Eagle (Cellgro, Mediatech, Herndon, VA, USA) with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA, USA). Half volumes of media were changed the day prior to each harvest of pseudopodia to normalize their metabolic state from batch to batch.
Harvesting Pseudopodia and Whole Cells
Confluent cells were trypsinized on the day of harvest and allowed to recover in 10% FBS for 2 h at 371C. Cells were centrifuged (500 rpm, 4.5 min) and resuspended (1.5 Â 10 6 /ml) with minimal pipetting in motility media, which consisted of phosphate-buffered saline (PBS) containing 0.27% CaCl 2 Á 2H 2 O, 0.02% MgCl 2 Á 6H 2 O, 1% FBS, 5 mM sodium pyruvate, 1 mg/ml glucose, and 0.1% bovine serum albumin (BSA), unless stated otherwise. Four-well Boyden separation chambers (Neuro Probe, Gaithersburg, MD, USA) were assembled with 9 mm thick polycarbonate filters (Neuro Probe) containing 3 mm diameter pores, with and without a coating of 0.01% porcine gelatin. The filters were inserted to separate upper and lower wells. The lower wells contained motility media. Cell suspensions were added to the upper wells and each chamber was placed in a large Petri dish on a moist Kimwipe and incubated at 371C in a 5% CO 2 tissue culture incubator. To harvest pseudopodia, filters were removed at 4.5-5 h. In the first step, each filter was immersed in methanol for 15 s and placed with migrated cell materials down (attached to the undersurface of filters) on a 5 Â 7.5 cm glass slide. Nonmigrated cell materials were completely wiped from the top of each filter with large Kimwipes. Fresh Kimwipes were used to press each filter firmly against a glass slide for a few seconds to promote adherence of migrated pseudopodia to the glass. The filter was then gently peeled off the slide with forceps as shown ( Figure 1 ). If the pseudopodia did not adhere on the first attempt, the filter was resuspended in methanol a second time and the process was repeated on a new slide. The glass slides with attached pseudopodia were stored at À801C in non-air tight plastic containers that allowed rapid freezing. During the second step, migrated materials on several glass slides were solubilized in lysate buffer consisting of 6 M urea, 4% 3-[(3-chloamidopropyl)dimethylammonio]-1-propanesulfonate, 2 M thiourea, 20 mM dithiothreitol, 1.6 mM 4-(2-hydroxyethyl)piperazine-1-ethanesul- Figure 1 Method for harvesting pseudopodia. U87 glioma cells placed in the upper wells of four-well Boyden separation chambers pushed their cytoplasm through 3 mm pores of 9 mm thick polycarbonate filters, during 4.5-5 h incubations. The chambers were disassembled and filters were removed with forceps. Following a 15 s dip in methanol, each filter was placed on a 5 Â 7.5 cm glass slide with migrated materials trapped between the filter and glass. Unmigrated cell materials were wiped off the upper surface of the filter with large Kimwipes. Fresh Kimwipes were used to press the filter firmly against the underlying glass slide. The filter was then gently peeled away, leaving migrated pseudopodia attached to the slide. Urea lysis buffer was used to harvest the pseudopodia as a liquid combined with the dried residual material that was scraped off the slides following crystallization. Pseudopodia from multiple slides were batched.
fonic acid, pH 8.0, and removed by pipetting. After allowing the residual lysate to dry and crystallize, it was retrieved with razor blades to complete the harvesting process. Pseudopodia from approximately 40-60 million cells were combined to form each batch of lysate, 1-3 mg/ml total protein. Whole cells were allowed to adhere to the filters and then placed on the glass slides, as described for pseudopodia, and harvested in a similar manner. The ratio of cell numbers used to obtain lysates of whole cells compared to pseudopodia was approximately 1:12. Most of the 'whole' cells were not in contact with pores that would have permitted loss of their protrusions when harvested from the filters.
Traditional 2D Gel Electrophoresis
The lysates were treated with a ReadyPrep 2D Cleanup Kit (BioRad, Hercules, CA, USA) to remove ions, DNA, RNA, etc. Their protein contents were measured using a 2D Quant kit (Amersham Biosciences, Piscataway, NJ, USA). After overnight rehydration in buffer consisting of 7 M urea, 2 M thiourea, 4% 3-[(3-chloamidopropyl)dimethylammonio]-1-propanesulfonate, 25 mM dithiothreitol, and 0.2% ampholyte, the protein samples, 75 mg, were loaded on a 17 cm immobilized pH gradient (IPG) strip (BioRad), nonlinear pH 3-10. Focusing was accomplished with 250 V for 15 min, 10 000 V for 3 h, and a third step of 60 000 total V h, and then maintained at 500 V, as needed. The resolved proteins were equilibrated in sodium dodecyl sulfate (SDS) buffer with reducing agents present and separated with SDS polyacrylamide gel electrophoresis (PAGE) using 8-16% gradient Tris-HCl gels in a Protean II apparatus (BioRad) operated at 2, 5, and 10 W per gel for 8 h. Coomassie blue stain was used to detect abundant proteins. Spots were manually retrieved with pipette tips, digested with trypsin, and submitted for PMF analysis.
DIGE
Procedures described above were followed with the following modifications. The electrophilic fluorescent dyes, PrCy3-N-hydroxysuccinimide ester and MeCy5-N-hydroxysuccinimide ester (Cy3 and Cy5, respectively), were synthesized according to a previously published method 6 and stored as singleuse aliquots in anhydrous N,N-dimethylformamide at À801C. Pseudopodial and whole cell lysates were separately mixed with volumes of each dye solution to produce balanced covalent labeling of 1-5% of the available lysine side chains, without significant alteration of the protein isoelectric points (pI's). Quenching was accomplished with 40% aqueous methylamine, pH 8.6. Paired pseudopodial and whole cell lysates were mixed together for focusing and subsequent separation by SDS-PAGE. The gels were repeated with reciprocally labeled pseudopodial and whole cell lysates. The gels were viewed in a fluorescent gel imaging device built around a CCD camera (CH350 model, 16 bit chip, Photometrics, Munchen, Germany) with an integral gel cutting tool. Imaging was performed at two excitation wavelengths, 545710 and 635715 nm for Cy3 and Cy5, respectively. Image manipulation and viewing was done with Image J (National Institutes of Health, Bethesda, MD, USA) and V þ þ Precision Digital Imaging System software (Digital Optics, Auckland, New Zealand). Two-frame, 'flash' movies of the overlying Cy3 and Cy5 images were viewed in a continuous loop to visually detect differences in the protein signatures between the two samples separated in the same gels. The repeat gels of reciprocally stained lysates revealed any differences due to dye uptake. Sample-dependent differences in protein distributions were confirmed and quantified using an image analysis software package, DeCyder Differential Analysis Software, version 5.0 (DeCyder s , Amersham Biosciences). DeCyder analyzed images as fragments, summed to generate a composite image, with proprietary algorithms that detected overlapping, differently colored images within the same gel to match spots and subtract background for normalization. DeCyder created measurement masks, each outlining an area of the gel containing a protein spot, that were applied to each of the matching fragments in the paired fluorescent images of each gel. The masks defined areas in which the pixel values were integrated to create three dimensional topographical maps with peaks representing each protein spot. An estimate of the local background for each spot determined the base values across the masked area. Output from the image analysis, designated as fluorescence intensity, was the sum of pixel values in the mask area minus the background. Volumes of the peaks representing the relative strengths of fluorescent signals from matched spots were compared. Although a threshold was set at 1.5-fold to screen for differences, only proteins with Z2.0-fold differences were reported. Visual inspection confirmed the differences indicated by the DeCyder software. Dust and artifacts were detected as peaks with slope values of less than one or as clusters of sharp spikes. Images of some protein spots were also scanned and digitized to compare total pixels, as described below for immunoblots. Protein spots that differed on DIGE between the labeled lysates were harvested from the gels using a robotic gel picker integrated with the high resolution CCD camera, digested with trypsin, and submitted for mass spectrometric PMF analysis.
Protein Identification
Following trypsin digestion, the peptides derived from each protein spot were analyzed with matrix assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF-MS) in a 4700
Proteomics Analyzer with TOF/TOF Optics (Applied Biosystems, Foster City, CA, USA). Analysis of data with GPS Explorer Protein Analysis Software on a Remote Client workstation (Applied Biosystems) provided automated acquisition of optimized mass spectra and the derivation of monoisotopic PMF information. Searches of the NCBI nonredundant database, based on the peptide mass results using MASCOT (Matrix Science, Boston, MA, USA) via the GPS Explorer work station and MS-Fit (University of California, San Francisco MS Facility) via the internet identified proteins with matching PMFs. The MASCOT parameters were set to include all species (with the exception of spots from the gel region containing BSA), tolerance of one missed trypsin cleavage per protein, allowance of protein modification by methionine oxidation, peptide tolerance of 50 ppm (ie an example mass accuracy of 100070.05 Da), and restriction of peptides to 700-4000 Da. The MS-Fit parameters included tolerance of one missed trypsin cleavage per protein, cysteine modification by acrylamide, oxidation of methionine, and changes at the amino termini, such as conversion of glutamine to pyro-glutamate and acetylation. Protein identifications were accepted when the observed and predicted pI's and M R 's were consistent and scores indicated nonrandom identifications at a significance level of Po0.05.
Densitometry of Immunoblots
Differential localization of proteins was also analyzed with specific antibodies. Lysates of whole cells and pseudopodia, 10 mg each, were electrophoresed in separate lanes of 10% polyacrylamide 1D gels under reducing conditions. Gel contents were transferred onto polyvinylidene difluoride membranes (Invitrogen), blocked (Detector Block, Protein Detector Western Blot Kit LumiGLO System, Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA), and reacted with anti-human HGF (2 mg/ml) (Clone 24612.11, Sigma, St. Louis, MO, USA), antiMet (1:1000) (Clone 25H2, Cell Signaling, Beverly, MA, USA), anti-actin (1:1000) (Sigma), and antiAnxI, (0.2 mg/ml) (Clone EH17a, Santa Cruz Biotechnology, Inc.). The secondary antibodies, 1:1000 (Kirkegaard & Perry Laboratories) were horseradish peroxidase-labeled anti-mouse for reactions with HGF, Met, and AnxI, and anti-rabbit for actin. Protein standards (MultiMark, Invitrogen) were loaded with 8 mg per lane. Immunoreactive bands were visualized with horseradish peroxidase conversion of a luminal-based solution to produce chemiluminescence, scanned (Epson Perfection 2450 PHOTO transparency scanner, Epson America, Long Beach, CA, USA) and digitized (UN-SCAN-It gel, Silk Scientific, Orem, UT, USA). Band densities were corrected for adjacent background. Staining portions of the gels with Coomassie blue (Novex Colloidal Blue Stain Kit, Invitrogen) was used to confirm equal loading of pseudopodial and whole cell lysates.
Results
Characterization of Pseudopodia in U87 Cells
The cellular material that migrated through 3 mm diameter pores of filters, with and without a 0.01% gelatin (denatured collagen) coating, was stained and examined microscopically. Nuclei were not found after 5 h incubations at 371C. Only a few thick, fingerlike pseudopodia had extended through some pores of the uncoated filters (Figure 2a) . With gelatin present on the filters, migrated pseudopodia at 5 h formed discontinuous, thin sheets of various sizes that covered almost all the filters' surfaces, involving many (more than half) of the pores. After the filters were removed, the slides and filters were separately stained with Diff Quik. Pseudopodia on the glass slides retained their appearance as thin, discontinuous sheets (Figure 2b ) seen prior to filter removal. In separate assays, the nuclei also failed to migrate through the pores after 6 h. After overnight incubations (15 h), however, some nuclei had migrated through the filter pores, as shown in Figure  2c , thus verifying that pseudopodial formation at 4.5-5 h included the leading edge of migrating cells. Filters removed from the slides (Figure 2b and c) did not stain, indicating that no cell material remained (not shown).
Pseudopodial Proteins Detected with Coomassie Blue Staining
Within ranges of 20-100 kD and pI's of 3-10, isoforms of 24 proteins were identified in pseudopodial lysates separated on 2D gels and stained with Coomassie blue. The largest group of stained proteins included metabolic enzymes catalyzing seven consecutive steps of the glycolytic pathway (aldolase, triose phosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerate kinase, phosphoglycerate mutase, enolase, and pyruvate kinase (PK)). A total of 17 isoforms of these glycolytic enzymes represented 46% of the total number of protein isoforms (37) identified on Coomassie blue-stained gels. Proteins involved with the cytoskeleton (actin, tropomyosin, vimentin, tubulin and moesin), heat shock protein (HSP)s (27, 60, 70 , and 90 kDa), and annexin (Anx)s (I, II, and V) were also identified. Proteins that appeared as single isoforms on the gels, such as valosin-containing protein, HSP90, HSP60, calumenin precursor, tropomyosin, ubiquitin carboxylterminal esterase LI, HSP27, phosphoglycerate mutase and tropomyosin, had predicted pI's of 5.14, 5.3, 5.7, 4.4, 4.67, 5.33, 5.98, 6.67 and 6.45, respectively, all of which approximately corresponded with the observed pI's of the migrated spots on the gel shown in Figure 3 . These and other proteins are listed in Table 1 with their database identification number, confidence scores, and other parameters. The protein expression patterns of whole cell lysates harvested at 2 and 5 h were similar.
Differential Distributions of Proteins Detected with DIGE
Image analysis of fluorescently labeled lysates loaded together on 2D gels identified different distributions of protein isoforms in pseudopodia compared to whole cells. A representative DIGE gel is shown (Figure 4 ) with its DeCyder analysis portrayed topographically in Figure 5 and the quantified differences listed in Table 2 . The signals for two proteins, transketolase and mitochondrial manganese superoxide dismutase (MnSOD), were significantly decreased in pseudopodia compared to whole cells (Figure 5a ). Abundant proteins that increased at least two-fold in pseudopodia and were identified on the DIGE gel shown (Figure 4) included isoforms of AnxI, enolase, and PK ( Figure   Figure 2 Morphology of stained migrated U87 glioma cell materials. (a) Pseudopodia that formed on an uncoated filter. Darkly stained cytoplasmic material formed a few fingerlike pseudopodia during 4.5-5 h incubations without a matrix protein present. Pores, 3 mm in diameter, were evenly distributed in the overlying filter. No nuclei were present; 250-fold magnification. (b) Pseudopodia formed on a filter coated with 0.01% gelatin (denatured-collagen). Under the same conditions described above, the morphology and quantity of migrated cell material changed markedly when the filters were coated with matrix material. The porous filter was removed as described in Figure 1 , allowing an unobstructed view. No residual material remained on the removed filters that were stained and examined. Before and after filter removal, migrated cell material appeared as irregularly shaped, lightly stained sheets that varied in size and covered most of the glass surface. No nuclei were present; 500-fold magnification. (c) Cell materials that migrated overnight. During overnight (15 h) incubations, nuclei migrated through the 3 mm pores of gelatin-coated filters, indicating that material found at 4.5-5 h included the leading edge; 500-fold magnification. Diff Quik stains for (a-c). The migration media is described in the text. Table 1 lists 24 pseudopodial proteins with their parameters, identified by PMF analysis using MALDI-TOF-MS. Exogenous BSA, present in box 5, is not listed. The pH ranged from 3 to 10, left and right margins of the gel, respectively. The expected pI's of proteins that migrated as single isoforms are stated in the Results section. 5b). Inclusion of data from additional gels indicated that aldolase and AnxII were also elevated in pseudopodia. Although the DeCyder-determined ratio for aldolase was only 1.94 (almost significant) in the DIGE gel shown in Figure 4 , its ratio, 2.09, was above the threshold of significance in another DIGE gel. A protein spot in Figure 4 's gel that corresponded to the placement of AnxII isoforms in Figure 3 had a DeCyder ratio of 2.48 but did not yield satisfactory material for mass spectrometry. In another DIGE gel, a protein spot in the same location was identified as AnxII and demonstrated a DeCyder ratio of 1.88. The left edge and lower mid region of the large, irregularly shaped spot identified as actin yielded DeCyder ratios greater than two-fold, but distinct isoforms of actin did not resolve for clearcut analysis. In a separate analysis using densitometric data from the scanned fluorescent signal, total actin increased by 38% in the pseudopodial lysate on DIGE. Keratins were found preferentially in pseudopodia, but may have resulted from hair and skin contamination that accumulated in lysates when several slides were stored and batched during harvests of pseudopodia. Increased BSA, an exogenous protein in the media, was not considered biologically significant. BSA may have bound to glass surfaces not covered by pseudopodia or it may have preferentially adhered to the surfaces of pseudopodia. Lack of successful identification with MALDI-TOF-MS for many of the fluorescent protein spots that yielded significant DeCyder ratios was mostly attributed to insufficient amounts of protein.
None of the pseudopodial proteins with sufficient abundance to be detected and identified on gels stained with Coomassie blue (Table 1) were found to be decreased compared to whole cells on DIGE gels.
Differential Distributions of Proteins on Immunoblots of 1D Gels
Analysis of paired pseudopodial and whole cell lysates demonstrated immunoreactivity to the a Highest scores, À10 log(P), where P was the probability that the observed match was a random event, obtained with MASCOT for all proteins listed, except phosphoglycerate kinase whose score (significant) was obtained with MS-Fit. MASCOT scores greater than 63 were considered to be significant (Po0.05). Exogenous BSA (box 5 in Figure 3 ) was not included in the list of pseudopodial proteins. b References for cytoskeletal and glycolytic associations were too numerous to list.
*Identified on another gel.
Proteomic characterization of pseudopodia ME Beckner et al 69 kDa a-chain of activated HGF only in pseudopodial lystates. The antibody was raised against recombinant human HGF. Met immunoreactivity, apparent as a 145 kDa band, was present in both types of lysates and increased up to 79% in the pseudopodia. Increased immunoreactivity was present for total AnxI and actin, 35 and 66%, respectively, in pseudopodia (Figure 6a ). Equalized loading of lysates was also demonstrated with Coomassie blue staining (Figure 6b ).
Discussion
Malignancy of many tumors is defined by invasive and/or metastatic behavior. Diffuse astrocytomas invade widely through surrounding central nervous system tissue. These tumors migrate preferentially through white matter tracts formed by axons, glial processes, and the vasculature. Although white matter of the brain is a dense meshwork, it can be loosened by tumor edema and contains fewer blood vessels and neural processes than gray matter. The process of cell locomotion is often studied in single cells that crawl independently on flat surfaces in vitro. Their cytoplasmic protrusions have been named lamellipodia, filopodia, ruffles, spikes and blebs. Some of these structures have been characterized by the proteins involved in their formation. 7, 8 However, during brain invasion, tumor cells migrate mostly through the 3D, interstitial spaces of white matter. The term 'pseudopodia' has been used to describe tumor cell protrusions into the 5-7 mm openings of micropipette tips 9 and protrusions through 1 mm pores of filters. 10 In the current study, pseudopodia were formed by the tumor cell protrusions through 3 mm diameter pores of filters.
Microscopic examination of migrated pseudopodia at different time points confirmed inclusion of the leading edge in the harvested material by demonstrating nuclear migration at a later time point. The 2D analysis of pseudopodia formed by motile glioma cells provided a proteomic view, with some constituents noted for their association with high grade gliomas and progression in other types of tumors (Table 1) . Immunoreactions with specific antibodies documented the potential for localized Pseudopodial lysate labeled with Cy3 demonstrated relatively increased quantities of two isoforms for AnxI, one isoform for enolase, two isoforms for PK, and merged isoforms for actin (see text), as indicated with arrows, 1 and 2, 3, 4 and 5, and 7, respectively. Increases in the isoforms for aldolase and AnxII (positions indicated on the Coomassie-stained 2D gel in Figure 3 ) are discussed in the text. Apparent increases in exogenous BSA, arrow 6, and keratin (probable contaminant) were not considered to be biologically relevant. Selected matching protein spots with digitized representations are topographically compared in Figure  5 and the differences are quantified in Table 2 . The background was normalized for both images. The 2D gel parameters were similar to those described for Figure 3 . Table 2. signaling in pseudopodia by an activated, well-known glioma migration factor, HGF. DIGE detected changes in several constituents of the pseudopodial proteome compared to whole cells that potentially include important effectors of migration signaling.
Both HGF and Met are known to be produced by glial cells, in vivo and in vitro, including the U87 cell line. 2, 4, [11] [12] [13] [14] Expression of HGF and Met are associated with tumor progression. 3, 4, 15, 16 In other types of malignant cells, downstream events induced by HGF signaling have been shown to include increased glycolysis 17 and phoshorylation of AnxI.
18
This study revealed the potential for HGF signaling to mediate similar changes within the leading edge of U87 glioma cells. Malignant astrocytic tumors are known to be glycolytic, possibly attributed to decreased numbers of functional mitochondria. 19 Several glycolytic enzymes, including GAPDH, PK, and phosphoglycerate kinase, have been found on the cytoplasmic face of the plasma membrane in malignant astrocytoma cells. 20 Phosphoglycerate mutase was previously found to be increased in high-grade vs low-grade gliomas. 21 In the current study, the abundance of at least seven enzymes that catalyze consecutive steps in glycolysis (aldolase through PK reactions) in U87 cells is consistent with the prominence of glycolytic metabolism in gliomas. In previous studies, glycolysis has been shown to provide energy for the migration of malignant cells when mitochondria were inhibited. With mitochondrial inhibitors added to force reliance on glycolytic energy, we showed that A2058 melanoma and U87 glioma cells migrated at levels comparable to migration in normal conditions. 22, 23 Others demonstrated the presence of GAPDH in pseudopodia and found that glycolysis was necessary for the formation of protrusions in an invasive, transformed epithelial MDCK cell line.
Site-directed actin polymerization in response to signaling is needed for the formation of cell protrusions. 24 Glycolytic enzymes are known to bind cytoskeletal proteins, including actin filaments, microtubules, and tropomyosin, in addition to existing as unbound cytoplasmic proteins. Numerous studies have demonstrated interactions between the cytoskeleton and glycolytic enzymes, especially GAPDH, aldolase and PK. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] In this study, quantities of these glycolytic enzymes, as well as actin, tubulin and tropomyosin, were sufficient in U87 pseudopodia to be detected with Figure 4 DeCyder ratios Coomassie blue staining, thus establishing the potential for the energy-generating portion of the glycolytic pathway to energize cytoskeletal proteins for migration within U87 pseudopodia. Polymerization of actin and tubulin shares a similar use of energy from nucleotide triphosphate hydrolysis. [39] [40] [41] [42] [43] [44] Increased actin in pseudopodia, as found in this study, has been previously documented by others. 10, 45 Increased isoforms for enolase, aldolase, and PK detected with DIGE in U87 pseudopodia may help to energize the leading edge.
Several types of annexins, I, II, and V, were found in the U87 pseudopodia. The Anx family is comprised of numerous gene products, 12 in vertebrates, with various functions proposed for controlling membrane structure and transport, vesicle secretion, anti-inflammation, prostaglandin metabolism, apoptosis, and other functions. 46 AnxI is also known as lipocortin I, calpactin II, epidermal growth factor receptor substrate, and chromobindin 9. 47 Two isoforms of AnxI were increased in pseudopodia compared to whole cells as determined by DIGE, and total AnxI was modestly increased when compared on immunoblots. Previous studies have identified AnxI within CNS tumors, including astrocytomas, 48 and in the anterior pituitary gland. 49 Involvement of AnxI in cell surface changes induced by steroids has been demonstrated in C6 rat astrocytoma cells. 50, 51 AnxI is also involved in the regulation of prostaglandins and nitric oxide. 52, 53 Previous associations of AnxI with tumor progression were found with 2D electrophoresis in studies that showed its differential expression in chemoresistant gastric carcinoma cell lines, 54 a cell line established from a metastasis compared to primary squamous carcinoma of the larynx, 55 and in tissue containing metastasized breast carcinoma cells compared to normal tissue. 56 Immunohistochemical studies of breast and hepatocellular carcinoma also indicated that AnxI is associated with tumor progression. [57] [58] [59] The contribution of AnxI to pseudopodial extension during migration may explain AnxI's association with tumor progression and HGF signaling seen in other cells 18 and with activated HGF in U87 pseudopodia. Also, AnxII was previously identified more frequently in high-grade than low-grade gliomas, 50 of 65 and three of 10 tumors, respectively, following 2D electrophoresis of tissue samples. 21 Sensitivity for visualizing stained proteins in 2D gels, approximately 40 ng for Coomassie blue, is increased by using fluorescent dyes and silver nitrate to 5 and 0.5 ng, respectively. However, our high success rate for identifying proteins detected with Coomassie blue fell to a much lower rate for spots demonstrated with the fluorescent dyes. Although the relatively low abundance of signaling proteins that control cell migration prevents their proteomic study by current 2D gel technologies, 60 specific antibodies on immunblots detected a striking localization of active HGF to pseudopodia that also contained increased Met. Combining DIGE with specific antibody reactivities on immunoblots demonstrated significant increases in isoforms for actin, enolase, PK, and AnxI, and probable increases of aldolase and AnxII in the pseudopodia. Identifying the functional proteome of tumor pseudopodia will help to elucidate mechanisms of cell migration in tissue and will aid in the selection of biomarkers and molecular treatment targets for malignant gliomas.
